Summary. The susceptibility determinants of Type 1 (insulindependent) diabetes mellitus are known to be associated with both HLA-DR3 and DR4. In our study we wished to determine if the parental origin of these antigens could influence susceptibility to the disease. We analysed the inheritance of DR3 and DR4 haplotypes from the father or mother (DR3p, DR4p, DR3m and DR4m, respectively), in the index cases and in the affected and non-affected siblings of 246 diabetic simplex and 41 multiplex families without affected parents. An independent series of 80 multiplex families (GAW 5) was also studied. Among the DR3,4 positive index cases and affected siblings, the paternal and maternal DR3 and DR4 antigens were not distributed randomly: 62% and 72%, respectively, had received DR4 from their father and DR3 from their mother (DR4p/DR3m), while only 38% and 28%, respectively, had received a paternal DR3 together with a maternal DR4 (DR3p/DR4m). This differed significantly from the 50% expected ratio (p < 0.01) and was not observed in unaffected siblings. No excess of maternal DR3 in the absence of DR4 and no excess of paternal DR4 in the absence of DR3 were observed. The finding suggests that some maternal DR3 related event (presumably during pregnancy) might play an enhancing role in the pathogenesis of Type 1 diabetes. It also implies that siblings with both DR4p and DR3m have a significantly higher risk for disease than those with DR3p and DR4m.
Susceptibility to Type 1 (insulin-dependent) diabetes mellitus is associated with the HLA antigens, DR3 and DR4 [1] [2] [3] [4] in Caucasian populations. The risk for disease is greater in both unrelated subjects and in siblings of diabetic children [1] [2] [3] [4] [5] [6] [7] [8] with a heterozygous DR3, DR4 phenotype. These observations have led to the hypothesis that two susceptibility genes associated with the DR3 and DR4 haplotype are involved in the inheritance of the disease [2, [9] [10] [11] [12] [13] . Though, the exact nature of the molecule(s) responsible, and their role in the pathogenesis of the disease has not been elucidated, strong evidence suggests an autoimmune mechanism, probably triggered by environmental factors [14] .
It has long been supposed that DR3 and DR4 associated susceptibility genes play different roles in the pathology of Type 1 diabetes, determining the clinical and genetic heterogeneity of the disease [15] . Recent data do indeed suggest that they probably do not have equivalent effects on susceptibility [16] [17] [18] .
In this study we present evidence for the different effects of the paternal or maternal origin of DR3 and DR4 antigens on the risk for siblings of diabetic children.
Subjects and methods
Among 325 unrelated, Causasian French families of Type I diabetic patients who had been consecutively ascertained for HLA typing since 1978 (Herold series), 287 families were selected according to the following criteria: (1) unaffected parents with two or more offspring, of which at least one was diabetic; (2) availability of reliable information on the health status of all first degree relatives; (3) agreement of the families to participate in the study.
In 246 families, one single child was diabetic and in 41 families, two or more children were affected. The first affected child in each family was designated as the index case. Age at onset of Type 1 diabetes ranged from 1 to 18 years (mean 8.5 years) in index cases and the mean duration of follow-up from the date of diagnosis was 10.5 years. The severity of the disease was assessed by residual Cpeptide values and the presence/or absence of early complications. Ages of non-affected siblings at the time of the study ranged from 1 to 47 years (mean 19.5 years).
In order to compare samples of unrelated affected and unaffected siblings, a group of affected and a group of unaffected siblings were constituted by choosing one sibling from each family. The group of affected siblings included the second affected sibling in each multiplex family; the group of non-affected siblings included those siblings from each simplex family whose birth range preceded or, if impossible, followed that of the index case. How- 
a DR3p, 4p, 3m and 4m refer to DR antigens inherited from the father and from the mother, respectively. The distribution of DR4p/3m and DR3p/4m genotypes among DR3, 4 positive index cases (81 of 130 = 62% and 49 of 130 = 38%, respectively) differs significantly from the expected ratio of 50% (p < 0.01) ever, in 18 simplex families none of the unaffected siblings was available for HLA-typing. Thus, a total of 287 index cases, 41 secondary affected siblings and 228 unaffected siblings were analysed, including material from a partially analysed preliminary study [19] .
In order to obtain results from an independent sample, we also analysed the data of the 5th Genetic Analysis Workshop (GAW 5) [20] contributed by 11 centres in Europe and the United States which provided 80 Caucasian Type i diabetic multiplex families without affected parents. Since the results from the GAW 5 and the Herold series were very similar, both series were pooled in order to improve statistical power.
Typing for HLA-A, B, C, DR antigens to determine haplotypes and genotypes was performed by standard microlymphocytotoxicity methods, using sera from the 7th and 8th Histocompatibility Workshops; the allotypes of complement factors Bf, CAA and C4B were determined as described previously [21] . Only families in which the parental haplotypes could be unambiguously deduced have been included. HLA-DR3 and DR4 antigens of paternal or maternal origin are referred to as DR3p, DR3m, DR4p and DR4m, respectively. Genotypes are designated DR3p/4m and DR4p/3m with the slash separating antigens inherited from the father (p) and from the mother (m). If the parental origin is not considered the phenotypes are denoted DR3,4. The distribution of the different parental DR antigens and corresponding genotypes among index cases, affected and unaffected siblings has been compared to that expected in the case of random segregation.
A second aim of the study was to provide risk estimates for developing diabetes in siblings while taking into account the effect of different parental DR antigens. They were calculated as the probability of a sibling being affected given his/her DR phenotype (DR3,4), DR genotype (DR4p/3m or DR3p/4m) and haplotype sharing status (2, 1 or 0 haplotypes shared with the index case), using Bayes formula. This evaluation was only carried out in the Herold series, since no comparable group of unaffected siblings was available for the GAW 5 affected siblings. An overall empirical risk for siblings of 3% at age 20 years was used for the calculations. This risk estimate, based on a large family survey of 1930 patients without affected parents, treated at the Herold Hospital [22] , is comparable to estimates obtained by other investigators [23, 24] .
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Statistical analysis
Distributions of parental DR antigens and corresponding genotypes were compared to those expected in the case of random segregation using Chi square tests, Yates corrections and Fisher's exact test. Comparing affected and unaffected siblings, the relative risk (RR) was calculated using cross-product ratios in 2 x 2 tables [9] .
Results
The DR3, DR4 phenotype and genotype distributions among the index cases of the Herold series (simplex and multiplex families) and the GAW 5 series (multiplex families) are shown in Table 1 . In the whole group, 35% (130 of 367) bore both DR3 and DR4, the proportion being slightly, but not significantly, greater among multiplex compared with simplex families.
Among the DR3,4 positive index cases, the DR3 and DR4 antigens of paternal and maternal origin were not distributed randomly: 62% (81 of 130) had inherited DR4 from the father and DR3 from the mother (DR4p/3m) and 38% (49 of 130), DR3 from the father and DR4 from the mother (DR3p/4m). This distribution differed significantly from the expected ratio of 50% (p < 0.01); but, the distortion was more marked in multiplex families (71% and 29%, respectively, p < 0.01) than in simplex families (57% vs 43%, respectively, p > 0.05).
In index cases who possessed DR3 or DR4 together with any other DR antigen (DR3, DRx or DR4, DRx), the distribution of paternal and maternal DR3 and DR4 antigens did not differ from random samples.
The analysis, in the Herold Series, of the paternal and maternal haplotypes with respect to class III alleles (Bf, C4A, C4B) showed an excess of maternal B18 and/or BfF1, C4BQO, DR3 haplotypes among the patients of multiplex families: among 17 multiplex index cases who had inherited a maternal DR3 (DR4/3 and DRX/3 combined), 13 (76%) possessed this haplotype, while only 3 (18%) carried B8, C4AQOC4B1, DR3 and one other (BX) DR3 haplotype. A similar distribution was observed in second affected siblings.
In contrast, in simplex families the maternal DR3 haplotypes of index cases were composed of nearly equal proportions of B18 and B8 haplotypes (37% and 34%, respectively). Among the paternal DR3 haplotypes, on the other hand, B8 and B18 haplotypes were equally distributed in index cases of both multiplex (42% each) and simplex families (36% and 31%, respectively).
This observation could not be confirmed in the GAW 5 series because there were very few B18, DR3 haplotypes in these families (only 8 in total, 6 of which, however, were maternal in origin); further no complement typing had been done and no simplex families were available.
No difference was observed between the patients of simplex and multiplex families with respect to B15 and complement allotypes of paternal and maternal DR4 haplotypes which were comparable to those described elsewhere [4] .
A comparable excess of DR4p/3m genotypes such as that seen among the index cases of multiplex families was also observed among the secondary affected siblings of the pooled Herold and GAW 5 series, 44% (53 of 121) of whom bore DR3, DR4 (Table 2) . Of these siblings, 72% were DR4p/3m and 28%, DR3p/4m. This distribution was remarkably similar in both the Herold and the GAW 5 series and differed significantly from the expected ratio of 50% (p < 0.01). A slight but non significant opposite trend was observed among the unaffected siblings where 43% inherited DR3 from the mother and 57%, from the father (p > 0.05).
Comparing affected and unaffected siblings, the relative risk for DR3,4 positive siblings was 6.9 (p < 10 -7) and among these, their possessing a DR4p/3m genotype conferred an additional relative risk of 3.3 (p < 0.01).
Most of the siblings bearing the DR4p/3m combination shared two haplotypes with the index case: 71% (27 of 38 of the affected and 80% (8 of 10) of the unaffected siblings. Hence, sharing two haplotypes did not increase further the relative risk for these siblings (data not shown). Figure i shows the risk for developing diabetes in siblings of diabetic index cases conditional to their possessing a DR3,4 phenotype, a DR4p/3m (4/3) or a DR3p/4m (3/4) genotype and to their being HLA-identical (id.) with the index case.
Since only the Herold Series was included in this evaluation, the differences between the estimates must be considered with caution, due to the small sample size and subsequently large confidence intervals. Nevertheless, pooling with the GAW 5 sample resulted in virtually identical risk values and considerably reduced confidence limits (not shown).
Without any specific information, the overall risk estimate for siblings was 3% (dotted line). The risk increased to 10% for DR3,4 positive siblings (Fig. 1 A) . If the parental origin of these antigens was also considered, siblings bearing DR4p/3m (17%) had more than a three-fold increase in risk, than for those with DR3p/4m (5%, p <0.05). The risk for siblings who possessed the DR4p/3m genotype was the same when they also shared both haplotypes with the index case. If the risk is computed in a different order, i. e. starting with the haplotype sharing status and followed by the DR type (Fig. 1 B) , we obtain a risk of 8% for siblings who are HLA-identical to the index case (risk estimates for siblings sharing 1 or 0 haplotypes were 2% and 0.6%, respectively; not shown). Having the DR3,4 phenotype and even more so the DR4p/3m genotype added substantially to the risk incurred by identical siblings (a risk of 13% and 16%, respectively).
A number of clinical parameters were examined in relation to the DR3,4 genotypes in order to assess whether Table 1 . Among the affected siblings, the distribution of DR3p/4m and DR4p/3m genotypes differs significantly from the expected ratio (50% each) (p < 0.01). It is not different from random in unaffected siblings. Comparing affected and unaffected siblings, the relative risk for DR3,4 positive sibs is 6.9 (p < 10 v) and among these, the additional relative risk for DR4p/3m is 3.3 (p < 0.01) clinical heterogeneity could have influenced the results. However, no difference was found between DR3p/4m and DR4p/3m patients with respect to sex, age at onset or severity of the disease, either in first or in secondary affected siblings. Further, the current ages of non-affected siblings and the length of time that the family had been followed up since onset of diabetes were no different (results not shown).
Mean family size was similar in families of DR3 positive fathers and mothers (3.11 and 3.01 children per parent) and in those of DR4 positive fathers and mothers (3.03 and 2.89, respectively), and there were no differences between the recorded numbers of abortions or stillbirths. However, as expected from the observed data, multiplex families had a higher number of DR3 positive mothers and DR4 positive fathers (p < 0.05).
In order to detect a possible distortion in the segregation of paternal or maternal DR3 or DR4 haplotypes in the offspring of the Type i diabetic families, we investigated the transmission of DR3 and DR4 from non-affected heterozygous parents to their diabetic and nondiabetic children (Table 3) . As expected in a disease associated with these markers, both parents transmitted DR3 and DR4 to a majority of their diabetic offspring. These proportions differed significantly from the 50% ratio expected in the case of random segregation (p < 0.01). However, there were no significant differences (p >0.05) between the proportions of DR3 and DR4 transmitted from either fathers or mothers. On the other hand, the proportions of DR3 and DR4 transmitted from the father or mother, respectively, to their non-diabetic offspring were no different from the expected ratio of 50% (p >0.05).
Discussion
In our study we show that Type i diabetic patients who possess both DR3 and DR4 and whose parents are unaffected, more often share DR3 with their mother and DR4 with their father than can be expected by chance. This implies that, in addition to the previously reported higher risk for diabetes in siblings who are HLA-identical to their diabetic sibling and/or possess the heterozygous DR3, DR4 phenotype [1-9, 25], the risk in DR3, DR4 positive siblings is further increased by a DR3 inherited from the mother and a DR4 from the father.
associated with DR3, or a paternal factor associated with DR4, may be involved in the aetiology of Type 1 diabetes. Since it does not occur in all DR3, DR4 positive patients it is probably not a primary event, necessary for the development of diabetes, but more likely a modifying or enhancing event increasing the penetrance of the disease.
The putative event requires, in addition, the presence of both a maternal DR3 and a paternal DR4, since it is not observed in patients possessing either DR3 or DR4 combined with other (DRx) antigens. This could possibly be a consequence of the strong association between Type 1 diabetes and the DR3, DR4 heterozygous state [2] [3] [4] 6] , not observed for other DR3 and DR4 phenotypes. Thus, in DR3, DRX and DR4, DRX phenotypes, a secondary enhancing event may not become visible. Alternatively, it could mean that specific interaction between DR3 and DR4 (or the associated disease genes) causes increased susceptibility especially when DR3 is shared with the mother and DR4 with the father.
Since in DR3,4 positive individuals an increase in maternal DR3 is accompanied by an increase in paternal DR4, and vice versa, either a DR3 related maternal or a DR4 related paternal factor could be primarily responsible for the DR4p/3m excess. Although the hypothesis of a maternal event (presumably during pregnancy) seems biologically more attractive, the possible involvement of the paternal DR4 can be proposed on the basis of two still poorly understood aspects of the inheritance of Type 1 diabetes: (1) the increased transmission of DR4 from diabetic parents to their diabetic offspring [16, 17] which may be explained by a dominant transmission of the DR4-associated susceptibility factor; (2) the increased risk for diabetes in offspring of diabetic fathers compared with that of diabetic mothers [26, 27] . Overtransmission of a dominant, DR4 associated predisposing allele from diabetic fathers could indeed explain a higher occurrence of diabetes in their offspring, namely in those who have in addition received DR3 from the mother. However, this interpretation does not account for the present observations since all families with affected parents were excluded from our analysis.
An apparent overtransmission of DR4 from fathers to affected offspring may eventually result from the inclusion of a high percentage of multiplex families, which are more likely to have DR3, DR4 children, in the study population. Overtransmission of DR4 from non-diabetic fathers to both diabetic and non-diabetic offspring has also been claimed [28] but reports from several investigators [16, [29] [30] [31] as well as our own data, have failed to show any significant differences of transmission between parents. On the other hand, the overtransmission reported for paternal [32] or maternal [33] AIB8 (DR3) haplotypes related to the sex of the offspring in diabetic and healthy families still remains to be confirmed.
In contrast, if we hypothesize that interaction between DR4 and a DR3-associated maternal event results in increased susceptibility for Type i diabetes in the offspring, we should expect a selective increase of the DR4p/DR3m pattern in the affected siblings and a secondary increase of DR4 positive fathers and of DR3 positive mothers inde-pendently of their being affected, as is observed in our study.
The possible role of additional genetic factors, e.g. in the class III region, cannot be ruled out in view of the observation that a majority of the DR3 haplotypes that the patients in multiplex families had inherited from their mother, at least in the Herold Series, were B18 and/or C4BQO positive. This haplotype shows in the French population much stronger association with Type 1 diabetes than the B8, DR3 haplotype [4] and is characteristic of a particularly early-onset form [34] . It seems plausible that those factors involved in early onset -possibly C4BQO and/or other complement factors -could also increase the familial penetrance of the disease. The observation that the first diabetic child in multiplex families is generally affected at an earlier age than in simplex families [35] is in keeping with this hypothesis. Nevertheless, the preferential maternal transmission of the responsible factor(s) still requires explanation. Mechanisms controlling zygotic assortment at a gametic or post-zygotic stage could probably lead to disturbances in the inheritance of certain haplotypes; however, these mechanisms are at present poorly understood.
We believe that a mechanism implicating interaction in utero between mother and fetus is the hypothesis which could best account for the observed data.
Experimental evidence in mice has shown that materno-fetal interaction [36] or immune manipulation at birth [37] can influence the future immune repertoire and induce allogeneic tolerance in the offspring. It has also been reported that the ability to develop either autoantibodies or self-tolerance later in life depends on the moment during fetal life at which the fetus has been exposed to the autoantigen [38] .
An alternative mechanism could be the initiation of Beta cell lesion or anti-Beta cell autoimmunity by intrauterine exposure to some triggering event, such as viral or toxic agents, restricted by DR3. Diabetes in children with congenital rubella is a model of fetal viral infection causing Type i diabetes after a long latency period which is associated in most cases with DR3 [39] .
Other common infections may have comparable effects. The increased incidence of the observed phenomenon among multiple affected siblings favours the hypothesis of a virus persistent in the mother and reactivated during successive pregnancies. Latent cytomegalovirus (CMV) infection, frequently found in pregnant women and neonates would be a possible candidate. In this respect, recent observations concerning the presence of CMV genome in lymphocytes of diabetic patients are particularly interesting [40] . Autoimmune development is favoured by delayed clearance of the virus [41] which may be related to the low response to various viral antigens associated with DR3 [42] . Sharing DR3 with the mother while possessing DR4 may play a crucial role in the presentation/recognition of an antigen during fetal life or the regulation of the immune response after birth.
Even though these hypotheses remain speculative, the finding described has important implications for risk prediction in siblings. The risk is at a maximum in the 429 case of a DR4p/DR3m genotype and it is much higher than the risk predicted by HLA identity with a diabetic patient.
Our observations add a new piece to the puzzle of heterogeneity of Type i diabetes which should be taken into account in future models of inheritance.
